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Background: The prescription of probiotics as obesity and diabetes therapy is limited because of insufficient efficacy data
and lack of understanding of their mechanism of action.
Results: The probiotic VSL#3 prevents obesity and diabetes in mice via induction of butyrate and GLP-1.
Conclusion: Probiotics modulate the gut flora to elicit beneficial metabolic effects.
Significance: Administration of probiotics represents a viable treatment option for obesity and diabetes.

Obesity and diabetes are associated with excess caloric intake
and reduced energy expenditure resulting in a negative energy
balance. The incidence of diabetes has reached epidemic pro-
portions, and childhood diabetes and obesity are increasing
alarmingly. Therefore, it is important to develop safe, easily
deliverable, and economically viable treatment alternatives for
these diseases. Here, we provide data supporting the candidacy
of probiotics as such a therapeutic modality against obesity and
diabetes. Probiotics are live bacteria that colonize the gastroin-
testinal tract and impart beneficial effects for health. However,
their widespread prescription as medical therapies is limited
primarily because of the paucity of our understanding of their
mechanism of action. Here, we demonstrate that the adminis-
tration of a probiotic, VSL#3, prevented and treated obesity and
diabetes in several mouse models. VSL#3 suppressed body
weight gain and insulin resistance via modulation of the gut
flora composition. VSL#3 promoted the release of the hormone
GLP-1, resulting in reduced food intake and improved glucose
tolerance. The VSL#3-induced changes were associated with an
increase in the levels of a short chain fatty acid (SCFA), butyrate.
Using a cell culture system, we demonstrate that butyrate stim-
ulated the release of GLP-1 from intestinal L-cells, thereby pro-
viding a plausible mechanism for VSL#3 action. These findings
suggest that probiotics such as VSL#3 can modulate the gut
microbiota-SCFA-hormone axis.Moreover, our results indicate
that probiotics are of potential therapeutic utility to counter
obesity and diabetes.

Obesity and type 2 diabetes are complex diseases that involve
genetic susceptibility and risk factors such as calorific diets and
sedentary life styles (1–4). Recent studies are suggestive of a
role for the gut flora in the pathogenesis of obesity and type 2
diabetes (5–7). Studies in animalmodels and humans show that

obesity promotes the growth of the Firmicutes strain and
reduces the proportion of Bacteriodetes strain in the gut (5,
8–11). Implantation of gut flora from obese mice into normal
and germ-free mice results in increased body weight gain and
insulin resistance (11, 12), supporting the notion that the bac-
terial species residing in the obese gut harbor metabolically
unfavorable properties. Changes in the microbiota are corre-
lated with the development of obesity, insulin resistance, and
diabetes, presumably because of the ability of the microbes to
extract energy from the diet (11), altered fatty acid metabolism
within the adipose tissue and liver (13), changes in the levels of
gut hormones like peptide YY (14), activation of lipopolysac-
charide toll-like receptor-2 (15), and changes in the intestinal
barrier integrity (16). Therefore, modulation of gut flora com-
position represents a potentially attractive treatment option
against obesity and diabetes.
Probiotics are live microbes that transmit health-beneficial

effects through modulation of the gut microbiota and are gen-
erally recognized as safe (GRAS) for human consumption (17,
18). However, the widespread prescription of probiotics as
medical therapies is lacking chiefly because of the paucity in our
understanding of their mechanisms of action and a lack of effi-
cacy data. Ingestion of probiotics is known to offer protection
from various chronic diseases, e.g. atherogenesis, allergy, and
inflammatory bowel diseases (19, 20). However, the use of
probiotics to counter obesity and diabetes is highly debated
(21–23).
Here, we provide evidence supporting the dietary supple-

mentation of probiotics as a treatment and management strat-
egy against diabetes and obesity. We show that administration
of the probioticVSL#3 to high fat diet-fed (HFD)3mice reduced
food intake and protected from body weight gain and insulin
resistance. In addition, VSL#3 administration was able to
reverse obesity and diabetes in a HFD mouse model and in
leptin-deficient Lepob/ob mice. Moreover, we demonstrate that
administration of VSL#3 led to modulation of gut flora compo-
sition and a rise in the hormoneGLP-1. The beneficial effects of
VSL#3 were associated with an increase in the levels of a short
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chain fatty acid (SCFA), butyrate. Using a cell culture system,
we further demonstrate that butyrate promoted the release of
GLP-1 from intestinal L-cells. These results support the notion
that the probiotic-gut flora-butyrate-GLP-1 axis promotes
metabolic efficiency and protects from the deleterious effects of
high fat diet-induced obesity and diabetes.

EXPERIMENTAL PROCEDURES

Animal Studies—C57J/B6 male mice used in the present
study (n � 7 in each group) were purchased from The Jackson
Laboratory (Bar Harbor, Maine). Preventive studies were con-
ducted on 4–6-week-old male mice fed with a low fat diet
(LFD; 4.3% (w/w) fat content, 10 kcal %; product D12450B,
Research Diets Inc., New Brunswick, NJ) or a high fat diet
(HFD; 34% (w/w) fat content, 60 kcal %;D12492, ResearchDiets
Inc.) with and without VSL#3 (dissolved in PBS at a dose of 5
mg/kg body weight) by oral gavage for 8 weeks. VSL#3 is man-
ufactured byTau Sigma, Gaithersburg,MD, andwas purchased
online. VSL#3 was dissolved in PBS, and control mice were
treated with equal volumes of PBS.
For the therapeutic model, we purchased male mice from

The Jackson Laboratory (Bar Harbor, Maine) that were fed a
HFD (D12492) for 13 weeks. The mice were divided into four
groups (n � 9 in each group); two groups were fed with LFD
with or without VSL#3, and two groups were continued on
HFD with or without VSL#3 for 8 weeks. 4–6-week-old male
Lepob/ob mice were also purchased from The Jackson Labora-
tory and were divided into VSL#3-treated and non-treated
groups. Control animals that were not administered VSL#3
were given an oral dose of the same volume of PBS. Food intake
studies were performed in individually caged mice by meas-
uring diet consumed every week after normalizing diet spilled
in the cage. All of the animal studies were conducted according
to National Institutes of Health animal care guidelines and
were approved by the NIDDK/NIH Animal Care and Use
Committee.
Body Composition—Body composition was measured using

an Echo3-in-1 NMR analyzer (Echo Medical Systems LLC,
Houston, TX) in non-anesthetized mice.
Glucose and Insulin Tolerance Tests—For the glucose toler-

ance test, animals fasted overnight were injected intraperitone-
allywith glucose solution (2mg/kg bodyweight). For the insulin
tolerance test, fed mice were injected with human insulin
(HumulinR, 0.75 unit/kg body weight). Blood glucose was
measured at 0, 15, 30, 60, and 120 min.
Blood and Serum Biochemistry—Blood glucose was meas-

ured using a glucometer (Bayer Diagnostics), and serum total
cholesterol, triglycerides, and free fatty acids were measured
using Wako Diagnostic kits. Serum insulin, adiponectin, resis-
tin, IL-6, MCP-1, PAI-1, and TNF-� were measured using Bio-
Plex adipokine kits (Millipore). Serum gut hormones were
measured using a gut hormone Bio-Plex kit (Millipore). Active
GLP-1 in serum and cell supernatants was measured using an
ELISA kit fromMillipore.
Measurements ofHepatic TriglycerideContent—Liver fatwas

extracted by the method described by Folch et al. (24), and
triglycerides were measured as described above.

Histological Analysis—Epididymal white adipose tissue and
liver tissues were fixed in 10% neutral formalin, processed in
paraffin blocks, sectioned at 6 �m, and stained with hematox-
ylin and eosin. Slides were scanned with a ScanScope machine
(Aperio, Vista, CA), and mean adipocyte size was measured
using Aperio software.
Fecal DNA Isolation and Microbial Gene Analysis—Fecal

pellets were collected from individual mice in a sterile tube and
immediately frozen until further use. DNAwas isolated, using a
DNeasy kit (Qiagen), from fecal samples as well as from cecum,
intestinal fluid, and intestinal wall scrapings. Real time PCRwas
performed to measure the microbial community using
microbe-specific primers (supplemental Table S3). The results
are presented as percent of bacterial DNA abundance normal-
ized by total bacterial DNA and compared with controls.
Real Time PCRAnalysis—Total RNAwas extracted from tis-

sues and cells using an RNeasy kit, and reverse transcription
reactions were performed using a cDNA high capacity kit from
Applied Biosystems (ABI) for complementary cDNA synthesis.
Real time PCR was performed using an ABI platform with a
20-�l total reaction volume that included 100–1000 ng of
cDNAand each primer at 100–200 nM (supplemental Table S3)
plus 10�l of 2� SYBRGreenMasterMix (Applied Biosystems).
The fold changes in gene expression were calculated with �-ac-
tin as an internal control and using the ddCt method. All of the
reactions were performed in triplicates.
Western Blot Analysis—The Western blotting procedure is

described elsewhere (25). Primary antibodies for Stat3 (cata-
logue No. 9132) and phosphorylated Stat3 (catalogue No.
9145S) were from Cell Signaling, Inc.
LC/ESI/MS Analysis of SCFAs in Feces—For detection and

measurement of SCFAs in fecal samples of mice, we used a
method developed by Parise et al. (26). We used the LTQ-FT
system (Thermo Scientific, Waltham, MA) that is equipped
with a Phenomenex Synergi Polar-RP column (Phenomenex,
Torrance, CA). The results are calculated in nmol/mg of fecal
sample.
SCFA Analysis of Mice Plasma and Feces after VSL#3

Administration—Diet-induced obese male mice were pur-
chased at 11 weeks old fromThe Jackson Laboratory. Themice
were divided into four groups (n� 6 in each group); two groups
were fed with LFD with or without VSL#3 (5 mg/kg body
weight), and two groups were continued on HFD with or with-
out VSL#3 for 4 weeks. VSL#3 group mice were given a daily
oral dose of 5 mg/kg body weight of VSL#3 dissolved in PBS for
4 weeks, and control mice were given the same volume of PBS
orally. Body weight and fasting glucose were measured at 0, 2,
and 4 weeks. Plasma and feces were collected at 0, 2, and 4
weeks tomeasure the butyrate level and for butyrate-producing
bacteria analysis, respectively.
The SCFA analysis performed on the mice plasma was a

modification of the protocol described elsewhere (27). Because
of the minute amount of sample (11–80 mg was analyzed,
whereas the referenced method used 400 �l of plasma), the
entire sample was transferred into a 2-ml vial and the weight
recorded. The internal standard was spiked (with 2-ethylbu-
tyric acid, Aldrich). The sample was acidified with HCl and
vortexed. The sample was extracted twice with ether. The two
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ether phases were combined, and the SCFAs were derivatized
withMTBSTFA (N-tert-butyldimethylsilyl-N-methyltrifluoro-
acetamide)with 1% t-BDMCS (tert-butyldimethylchlorosilane)
at 40 °C for 2 h. The sample was then concentrated at room
temperature under a stream of nitrogen to a final volume of
approximately 100 �l. The derivatized sample was analyzed on
a GC-MS (Thermo Trace GC Ultra-ISQ mass spectrometer)
with an Rxi-5 ms 30 m � 0.25 mm ID, 0.25-�m coating
(Restek). The GC program starting at 40 °C was heated at 5 °C/
min to 70 °C, then held for 3.5 min, and then ramped at 20 °C/
min to 160 °C followed by 35 °C/min to 280 °C and holding for
3min. Butyric acidwasmeasured at 145m/zwith 146m/z as the
confirmation mass, and 2-ethylbutyric acid was measured at
173 m/z. Butyric acid was quantified with a five-point calibra-
tion curve.
Butyrate Kinase (buk) Gene Expression in Feces and Butyrate

Analysis in Plasma—The buk gene expression in the feces was
measured by real-time qPCR after total DNA was extracted
from feces (28). The primers for buk gene expression (supple-
mental Table S4)were designed according to the reference (50).
Amplification and detection were carried out in 96-well plates
with SYBR Green PCR 2� Master Mix (Applied Biosystems).
Each reaction was run in duplicate in a final volume of 20 �l
with 800 nM forward primers (buk-5F1 and buk-5F2, each at
400 nM), 1400 nM reverse primers (400 nM buk-6R1, 200 nM
buk-6R2, and 800 nM buk-6R3), 1 �l of template, and 4.6 �l of
water. The cycling conditions consisted of 5 min of incubation
at 95 °C followed by 40 cycles of denaturation at 95 °C for 30 s,
annealing at 52 °C for 30 s, and extension at 71 °C for 30 s. The
level of buk gene expression was normalized to the level of total
bacteria content assessed using total bacterial gene primer sets
(29).
Cell Culture and GLP-1 Secretion Studies—NCI-H716 cells

were grown in Dulbecco modified Eagle’s medium supple-
mented with 10% FBS and 1% penicillin/streptomycin at 37 °C
and 5% CO2. For GLP-1 secretion assay, cells grown in poly-D-
lysine-coated plates were incubated overnight with 1, 2, 5, and
10 mM butyrate (Sigma, catalogue No. B5887). Media and cells
were harvested for the GLP-1 secretion assay and gene expres-
sion analysis.
Statistical Analysis—All of the data are expressed as mean �

S.E. Statistical significance among the groups was calculated
using a two-tailed t test and/or one-way analysis of variance
followed by post hoc tests (i.e. least significant difference and
Bonferroni correction), and p � 0.05 was considered statisti-
cally significant.

RESULTS

VSL#3 Feeding Protected from HFD-induced Adiposity and
Glucose Intolerance—Six-week-old wild-type C57Bl6 male
mice were fed on aHFD for 8 weeks with or without oral gavage
administration of the probiotic VSL#3 three times a week.
VSL#3 suppressed body weight gain equivalent to that of mice
fed on a LFD (Fig. 1a and supplemental Fig. S1a). VSL#3 signif-
icantly decreased the fat depot size (Table 1), fat mass, and
adipocyte size (Fig. 1, b and c, and supplemental Fig. S1c) with-
out a significant change in lean mass (supplemental Fig. S1b).
Furthermore, VSL#3 treatment induced a significant decrease

in fasting and fed blood glucose levels (Table 1), enhanced glu-
cose tolerance (Fig. 1d and supplemental Fig. S1d) and insulin
tolerance (Fig. 1e andsupplemental Fig. S1e), and suppressed
hyperinsulinemia (Table 1). VSL#3 decreased serum triglycer-
ide and free fatty acid levels (Table 1) and reduced fat accumu-
lation in the liver (hepatic steatosis) (Fig. 1f and supplemental
Fig. S1f). VSL#3 feeding significantly decreased resistin and
increased adiponectin levels in HFD-fed mice (Table 1). VSL#3
significantly decreased the circulating levels of inflammatory
cytokines, i.e. IL-6, MCP-1, and TNF-a (Table 1), suggesting
that VSL#3 reduced the inflammatory state that is often asso-
ciatedwith obesity and insulin resistance. These beneficialmet-
abolic effects of VSL#3 were associated with a significant
decrease in food intake (Fig. 1g). These findings show that
VSL#3 feeding enhanced glucose homeostasis while reducing
food intake and body weight gain.
Therapeutic Effects of VSL#3 against HFD-induced Obesity

and Diabetes—We next investigated whether the VSL#3 treat-
ment could be therapeutic in reducing adiposity and restoring
glucose homeostasis in obese mice. Diet-induced obese (DIO)
mice were divided into four groups and fed either a LFD or
continued on a HFD with or without VSL#3 administration for
8 weeks. VSL#3 ingestion significantly reduced body weight
gain and fat mass (Fig. 2a and b), with no change in lean mass
(Fig. S2b), in both LFD- and HFD-fed mice in comparison with
their age-matched counterparts that did not get theVSL#3 dos-
ing regimen (Fig. 2, a and b, supplemental Fig. S2a, and supple-
mental Table S1). VSL#3 administration also reduced adi-
pocyte size (Fig. 2c and supplemental Fig. S2c) and improved
glucose and insulin tolerance in obese mice (Fig. 2, d and e, and
supplemental Fig. S2, d and e). In addition, VSL#3 feeding
enhanced metabolic function as evidenced by reduced levels of
insulin, triglyceride, free fatty acids, and resistin along with
increased levels of adiponectin and an improved inflammatory
response (supplemental Table S1). Further, VSL#3 ameliorated
hepatic steatosis inHFD-fedmice (Fig. 2f and supplemental Fig.
S2, f and g). The improved metabolic function was associated
with reduced food intake (Fig. 2g and supplemental Table S1).
Together, these results suggest that VSL#3 administration (i)
protects against HFD-induced obesity and glucose intolerance
and (ii) reverses existing obesity and diabetes in a HFD mouse
model.
VSL#3 Ameliorated Obesity and Diabetes in Lepob/ob Mice—

Leptin levels are proportional to fat mass, and we observed
reduced leptin levels (Fig. 3a and b) in VSL#3-administered
HFD-fed mice exhibiting reduced fat mass (Figs. 1b and 2b).
Levels of Stat3 phosphorylationwere increased in the hypothal-
amus, indicative of enhanced leptin receptor signaling upon
VSL#3 treatment (Fig. 3c). Further, we observed a dramatic
switch in the expression of food intake-regulating genes, i.e.
agouti-related protein (AgRP), neuropeptide Y (NpY), and pro-
opiomelanocortin (POMC), in the hypothalamus of VSL#3-
treated mice in both the preventive and therapeutic studies
(Fig. 3d and supplemental Fig. S3a). VSL#3-treatedmice exhib-
ited significantly reduced the hunger-inducing genes, i.e. AgRP
and NpY, whereas the expression of the satiety gene, POMC,
was strongly induced (Fig. 3d and supplemental Fig. S3a), sug-
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FIGURE 1. VSL#3 prevented high fat diet-induced obesity and diabetes. a and b, VSL#3 administration reduced body weight gain (a) and fat mass (b) in
HFD-fed mice. HFD�VSL#3-fed mice maintained body weight and fat mass similar to LFD-fed mice. c, adipocyte size is smaller in HFD�VSL#3-fed mice than in
HFD-fed control mice. d and e, VSL#3 treatment in HFD-fed mice enhanced glucose homeostasis as shown by improved glucose tolerance tests (d) and insulin
tolerance tests (e). f, VSL#3 administration in HFD-fed mice dramatically reduced hepatic steatosis in comparison with non-treated control HFD mice (fat
droplets indicated by red arrows) and maintained liver morphology similar to LFD-fed mice. g, VSL#3-fed HFD mice exhibited reduced food intake. Values
presented here represent the mean � S.E. for each group. Values indicated with asterisks are significantly different at the level of: *, p � 0.05; **, p � 0.001; and
***, p � 0.0001. Values indicated with hash marks are significantly different at the level of: #, p � 0.05; ##, p � 0.001; and ###, p � 0.0001 from HFD-fed
animals.

TABLE 1
Physiological and serum biochemical effects of VSL#3 treatment in high fat diet-fed mice
Values presented here are mean � S.E. (n � 7). **, different in comparison with LFD; ##, different in comparison with HFD.

Measures LFD HFD HFD � VSL#3

Body weight gain (g) 11.2 � 1.02 23.2 � 0.92 9.3 � 1.03
Organ weight (g)
Epididymal fat pad 0.25 � 0.02 0.78 � 0.04** 0.31 � 0.07##
Retroperitoneal fat pad 0.12 � 0.04 0.33 � 0.01** 0.14 � 0.02##
Subscapular fat pad 0.17 � 0.03 0.21 � 0.01 0.18 � 0.03
Anterior subcutaneous 0.21 � 0.03 0.33 � 0.02** 0.23 � 0.03##
Posterior subcutaneous 0.19 � 0.03 0.23 � 0.01 0.18 � 0.02
Spleen 0.11 � 0.05 0.10 � 0.01 0.11 � 0.02
Quadriceps muscle 0.22 � 0.04 0.23 � 0.05 0.22 � 0.05
Liver 1.23 � 0.09 1.64 � 0.1** 1.21 � 0.08##

Fasting blood glucose (mg/dl) 60 � 9.12 91 � 10.34** 72 � 11.23##
Fed blood glucose (mg/dl) 126 � 12.13 178 � 15.12** 132 � 10.41##
Serum insulin (pM) 521.2 � 26.3 1016.2 � 51.2** 500.9 � 34.9##
Total cholesterol (mg/dl) 54.8 � 9.2 60.2 � 12.3 52.4 � 11.3
Triglycerides (mg/dl) 140.9 � 12.4 302.5 � 31.3** 175.1 � 27.1##
Free fatty acids (�M) 588.2 � 34.2 1121.3 � 102.3** 761.1 � 73.2##
Adiponectin (�g/ml) 22.2 � 2.1 19.1 � 4.2 26.3 � 2.23##
Resistin (pg/ml) 650.2 � 24.2 982.5 � 46.4** 622.4 � 44.3##
IL-6 (pg/ml) 5.2 � 1.1 10.2 � 1.5** 6.8 � 1.3##
MCP-1 (pg/ml) 60.3 � 3.4 103.2 � 6.2** 81.2 � 6.4##
PAI-1 (pg/ml) 2532.1 � 123.4 2723.5 � 412.3 2445.9 � 334.4
TNF-� (pg/ml) 67.2 � 5.2 102.3 � 9.3** 72.4 � 11.2##
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gesting that VSL#3 treatment modulated central food intake
mechanisms in the hypothalamus.
To explore the role of leptin in VSL#3 actions, we tested the

effects of VSL#3 in leptin-deficient mice (Lepob/ob mice). Upon
9weeks of VSL#3 treatment, we observed a significant decrease
in body weight gain, size of fat depots, fat mass, adipocyte size,
liver triglycerides and hepatic steatosis in Lepob/ob mice (Fig. 3,
e, f, and i, and supplemental Figs. S4, a and b, and S5d). In
addition, we observed improved glucose homeostasis in terms
of decreased blood glucose levels (supplemental Table S2) and
improved glucose and insulin tolerance tests (Fig. 3, g andh, and
supplemental Fig. S5, b and c), with no change in lean mass
(supplemental Fig. S5a). VSL#3 suppressed food intake (Fig. 3j),
and a significant decrease in AGRP and dramatic increase in
POMC gene expression in the hypothalami of VSL#3-treated
mice was observed (supplemental Fig. S3b). These results dem-
onstrate that VSL#3was able to ameliorate obesity and diabetes
in Lepob/ob mice, suggesting that leptin-independent mecha-
nisms underlie the actions of VSL#3.
VSL#3 Promotes Butyrate-mediated GLP-1 Secretion from

Intestinal L-cells—Considering that it modifies the gut micro-
biota, we hypothesized that VSL#3 administration might also
result in changes in the level of gut hormones. To delineate the
plausiblemechanismofVSL#3 actionwemeasured the levels of

gut hormones that regulate food intake (30).We found that the
hunger-inducing hormone ghrelin was decreased (supplemen-
tal Fig. S6a), whereas the hunger-reducing hormoneGLP-1was
dramatically increased in VSL#3-treated mice compared with
HFD-fed control mice (Fig. 4a), with moderate or no change in
other gut hormones, i.e. PYY3–36, amylin, gastric inhibitory
polypeptide (GIP), and pancreatic peptide (PP) (supplemental
Fig. S6a). In addition, we observed a significant increase in
GLP-1 levels in the therapeutic models (DIO and Lepob/ob
mice) described above (Fig. 4a and supplemental Fig. S6, b and
c). These results demonstrate that increased GLP-1 levels cor-
relate with the beneficial metabolic effects of VSL#3.
To understand the mechanism underlying the increase in

GLP-1 levels, we examined the abundance of specific bacterial
species (i.e. Firmicutes, Bacteriodetes, lactobacilli, and bifido-
bacteria) in different parts of the intestine (i.e. cecum and small
and large intestine) and in the feces ofmice treatedwith VSL#3.
We found a significant reduction in Firmicutes and a notewor-
thy increase in Bacteriodetes and bifidobacteria (with no
change in lactobacilli) in the gastrointestinal tract and feces of
all of the three mouse models administered VSL#3, i.e. the pre-
ventive (Fig. 4b and supplemental Fig. S7, a–e), therapeutic
(supplemental Fig. S8, a–f), and Lepob/ob (supplemental Fig. S9,
a–f) models. These results suggest that VSL#3 feeding pro-

FIGURE 2. VSL#3 reversed obesity and diabetes in HFD-fed mice. a and b, VSL#3 administration in DIO mice suppressed body weight gain (a) and fat mass
(b). Beneficial effects of VSL#3 were also seen in mice switched to LFD. c, administration of VSL#3 reduced adipocyte size in white adipose tissue. d and e, glucose
tolerance (d) and insulin tolerance (e) were significantly enhanced in VSL#3-treated DIO mice. f, hepatic steatosis was improved in VSL#3-treated DIO mice in
both HFD- and LFD-fed groups as compared with their corresponding controls. g, VSL#3 treatment also decreased food intake in DIO mice. The values
presented here represent the mean � S.E. for each group. Values indicated with asterisks are significantly different at the level of: *, p � 0.05; **, p � 0.001; and
***, p � 0.0001.
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moted the colonization of a metabolically beneficial gut flora
even in the face of a HFD challenge. Further, we observed an
increase in the expression of GLP-1 synthesis genes (progluca-
gon (Gcg) and pro-protein convertase 1 (Pcsk1)) and GLP-1
secretion genes (sodium/glucose cotransporter or solute car-
rier family 5 member 1 (Slc5a1)) in the jejunum, ileum, and
colon ofVSL#3-treatedmice (Fig. 4f).We found similar trend in
all of the three mouse models treated with VSL#3 (supplemen-
tal Figs. S10, a–g , S11, a–k , and S12, a–k).

We next set out to examine the mechanisms linking the
changes in the gut flora composition to increased circulating
levels of GLP-1. We hypothesized that VSL#3 treatment might
alter the composition of bacterial metabolites, i.e. short chain
free fatty acids. We tested this notion by evaluating the abun-
dance of SCFAs in the fecal samples using mass spectrometry
techniques. Interestingly, the levels of the SCFA butyrate were
significantly increased in all three VSL#3-treated mouse mod-
els (Fig. 4, c–e), clearly suggesting that changes in the gut flora
composition lead to an altered metabolic environment in the
gut.
Wemeasured the abundance of butyrate-producing bacteria

by assaying the gene expression of butyrate kinase (buk) after 2

and 4weeks of VSL#3 ingestion and compared those levels with
the levels seen in the LFD and HFD controls. Interestingly, buk
expression was significantly increased in VSL#3-treated LFD-
and HFD-fed mice by 2 weeks of VSL#3 ingestion (supplemen-
tal Fig. S13), suggesting that VSL#3 feeding increased the total
abundance of butyrate-producing bacteria.
Further, we measured plasma butyrate levels fromDIOmice

and control LFD-fedmice that were orally administered VSL#3
or PBS daily for 2 weeks. Butyrate levels were significantly
higher inmice treated with VSL#3 compared withmice admin-
istered control PBS (supplemental Fig. S14). Thus, 4 of 6mice in
both the DIO and LFD groups that were administered VSL#3
exhibited increased plasma butyrate levels (levels � 10% from
base line; average 60–90% increase over base line). In contrast,
none of the DIO or LFDmice fed a control PBS vehicle showed
an increase in plasma butyrate levels (all �10% change from
base line). Together, these results suggest that production and
bioavailability of butyrate was substantially increased in
VSL#3-administered mice.
To further confirm the interaction of butyrate and the rise in

GLP-1 levels, we used the human L-cell line NCI-H716 and
measured its GLP-1 secretion and synthesis capacity. Butyrate

FIGURE 3. Leptin levels in VSL#3-administered mice and effects of VSL#3 on obesity and diabetes in Lepob/ob mice. a and b, leptin levels upon VSL#3
treatment in the preventive (a) and therapeutic model (b). c, VSL#3 enhanced Stat3 phosphorylation in the hypothalamus of HFD-fed mice in comparison with
HFD control mice. d, expression levels of food intake regulatory genes, i.e. AgRP, NpY, and POMC, were significantly modulated in the hypothalamus of
VSL#3-treated mice compared with their control mice. e and f, Lepob/ob mice administered VSL#3 exhibited a significant reduction in body weight gain (e) and
fat mass (f) compared with Lepob/ob mice not fed VSL#3. g and h, improved glucose tolerance tests (g) and insulin tolerance tests (h) in VSL#3-treated Lepob/ob

mice compared with Lepob/ob mice not fed VSL#3. i, hepatic fat accumulation was substantially decreased in VSL#3-treated Lepob/ob mice. j, VSL#3-fed Lepob/ob

mice exhibited decreased food intake. The values presented here represent the mean � S.E. for each group. Values indicated with asterisks are significantly
different at the level of: *, p � 0.05; **, p � 0.001; and ***, p � 0.0001.
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treatment of NCI-H716 cells resulted in enhanced secretion of
GLP-1 (Fig. 4g). Further, we observed a butyrate-induced
increase in expression of genes involved in GLP-1 synthesis
(Gcg and Pcsk1) and secretion (Slc5a1) (Fig. 4h). Interestingly,
we also observed increased expression of the free fatty acid
receptor 3 (Ffar3) in VSL#3-treated intestinal tissues as well as
in butyrate-treated NCI-H716 cells (Fig. 4h), with no change in
the expression levels of other genes (supplemental Fig. S15),
suggesting that butyrate interaction on L-cells might be medi-
ated via Ffar3.

DISCUSSION

Probiotics are food supplements that confer beneficial effects
under various clinical conditions (31, 32) inclusive of athero-
genesis, allergy, and inflammatory bowel diseases (19, 20).
However, the widespread use of probiotics against obesity and
diabetes is lacking (21–23), primarily because of insufficient
mechanistic insight and a paucity of efficacy data in small ani-
mal models. We addressed this issue in the present study and
evaluated the preventive and therapeutic effects of the probi-

otic VSL#3 against obesity and diabetes. We show that VSL#3
protected against HFD-induced diabetes and obesity and also
reversed existing obesity and diabetes inDIOmice and Lepob/ob
mice. The beneficial metabolic effects of VSL#3 were elicited
via changes in the microflora population resident in the gut of
VSL#3-treated mice. Mice administered VSL#3 exhibited
increased levels of the short chain fatty acid butyrate. This was
correlated with an elevated level of the gut hormone GLP-1,
which confers beneficial metabolic effects and protects against
obesity, diabetes, and hepatic steatosis.
Pathways that regulate food intake and energy homeostasis

are a rational target for the development of novel therapies
against obesity and diabetes (33). The role of the gut-brain axis
in regulating food intake is an area of active research (34, 35).
VSL#3 induced Stat3-mediated leptin signaling in the hypo-
thalamus and modulated the gene expression of hypothalamic
target genes. However, VSL#3 was able to correct the glucose
intolerance and adiposity in Lepob/ob mice, suggesting that
VSL#3 action might involve leptin-independent effects.
Detailed studies evaluating the action of leptin upon central

FIGURE 4. VSL#3 altered gut flora composition and increased butyrate and GLP-1 levels. a, VSL#3 feeding dramatically increased serum GLP-1 levels in the
three mouse models (preventive, therapeutic, and Lepob/ob mice). b, specific bacterial abundance, i.e. Firmicutes, Bacteriodetes, lactobacilli, and bifidobacteria,
was significantly changed upon VSL#3 treatment. Abundance of bacteria in mice on either LFD or HFD, with or without VSL#3, is shown (black, LFD; red, HFD;
light blue, HFD � VSL3). c– e, VSL#3 administration significantly increased butyrate levels in fecal samples of HFD-fed mice (c and d) and in Lepob/ob mice (e). f,
genes implicated in GLP-1 synthesis and secretion (i.e. Gcg, Pcsk1, and Slc5a1) and butyrate-responsive gene (i.e. Ffar3) were significantly increased in different
parts of the intestine from VSL#3-fed mice. g and h, butyrate treatment of NCI-H716 cells significantly increased GLP-1 secretion in a dose-dependent manner
(g) and increased GLP-1 synthesis and secretion and butyrate-responsive gene expression (h). The values presented here represent the mean � S.E. for each
group. Values indicated with asterisks are significantly different at the level of: *, p � 0.05; **, p � 0.001; and ***, p � 0.0001.
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nervous system stimulation in VSL#3-treated obese mice are
needed to evaluate the leptin-dependent effects of VSL#3.
It is known that the anti-inflammatory role of probiotics

helps in treating low grade inflammation (36). Inflammation is
co-incident with obesity and diabetes (37), and it is plausible
that the observed reduction in the inflammatory response in
VSL#3-treated animals (Table 1 and supplemental Tables S1
and S2) might in part account for the overall beneficial pheno-
type seen in VSL#3-treated animals. A point worth noting is
that in all experiments where VSL#3 was administered we
observed a reduction in food intake and body weight. These
findings represent a bias in interpreting the degree of insulin
sensitivity, as typically leaner mice are more insulin-sensitive
than heavier mice.We propose that the bulk of the VSL#3 ben-
eficial effects are attributable to the reduction in food intake
and body weight suppression, which in turn promoted insulin
sensitivity in the treated mice. It is possible that VSL#3 actions
do not directly lead to reduced inflammation and improvement
of insulin sensitivity.
Although we did not detect significant differences in food

intake between LFD control and VSL#3 LFD mice (Fig. 2g), we
observed reductions in fat mass and body weight gain (Fig. 2, a
and b). We postulate that the increased metabolic rate may
account for these effects. Indeed, increased GLP-1 levels are
associated with higher resting energy expenditure and
enhanced fat oxidation rates in humans (38). In addition, we
observed significantly increased POMC levels and suppressed
NpY and AgRP levels in the hypothalamus of VSL#3-treated
mice. Increased POMC and decreased NpY/AgRP signals are
correlated with changes in energy expenditure and fat oxida-
tion (39). Thus, taken together, the actions of GLP-1 and/or
changes in these central nervous system signals might play an
important role in weight loss and reduced fat mass in VSL#3-
treated LFD-fed mice. Further, more direct studies are needed
to distinguish between these possibilities.
Probiotics transmit their major effects through the modula-

tion of the gut flora (40). The gastrointestinal tract is dominated
by anaerobic bacteria belonging primarily to the three bacterial
phyla: Firmicutes, Bacteriodetes, and Actinobacteria (23).
More than 90% of the normal gut flora is represented by Firmi-
cutes and Bacteriodetes phyla (41). Increased Firmicutes and
decreased Bacteriodetes are associated with weight gain and
insulin resistance (9). Our results show that VSL#3 feeding
decreased the Firmicutes and increased Bacteriodetes in fecal
samples. Further, the free and adhered amounts of those bacte-
ria were similarly altered in different parts of the intestine, i.e.
the cecum and small and large intestines. VSL#3 contains few
strains of Lactobacillus and Bifidobacterium; we observed
increased bifidobacterial DNA, whereas Lactobacillus-specific
DNA abundance was not increased. It is plausible that the Lac-
tobacillus strains inVSL#3were unable to survive inmice intes-
tines and failed to proliferate in comparisonwith the bifidobac-
terial strains and VSL#3-supported Bacteriodetes growth.
Further studies with Lactobacillus-depleted VSL#3 are needed
to test this hypothesis. The changes in bifidobacteria upon
VSL#3 feedingwere interesting considering that decreasedBifi-
dobacterium levels have been correlated with increased body
weight gain, adiposity, and insulin resistance in various human

studies (42–44). However, it is plausible that other bacterial
populations are significantly changed upon VSL#3 administra-
tion, and further metagenomic studies will provide a compre-
hensive understanding of the microbiome changes elicited by
VSL#3.
The bacterial population residing in the gastrointestinal tract

is metabolically active and able to degrade dietary fat, peptides,
and fibers yielding metabolite end products, specifically SCFAs
(45). Various SCFAs, i.e. acetate, propionate, and butyrate, have
differential metabolic effects (46). Further, changing the pro-
portional abundance of these metabolites that operate in close
proximity to intestinal cells might produce significant changes
in the host cell response. Interestingly, butyrate levels were sig-
nificantly increased in response to VSL#3 treatments with no
changes in other SCFAs. Butyrate exhibits beneficial metabolic
effects in the context of obesity and insulin resistance (46, 47),
and a recent metagenomic study on obese versus lean subjects
showed that butyrate-producing bacterial abundance was sub-
stantially decreased in obese subjects (48). Further, oral inges-
tion of butyrate significantly decreased bodyweight gain and fat
accumulation and enhanced insulin sensitivity in mice (46, 47).
Together, these observations suggest that gut-derived butyrate
plays an important role in the pathology of obesity and diabetes.
It is unclear whether the butyrate is produced by the Bacterio-
detes or by other bacteria, and extensivemetagenomic analyses
are needed to understand the type of bacteria that are respon-
sible for producing butyrate. However, we provide evidence of
increased colonization of butyrate-producing bacteria in mice
administered VSL#3. Also, the rise in plasma butyrate levels in
VSL#3-treated mice suggests that absorption of butyrate from
the intestine is not inhibited and the butyrate is not eliminated
from the intestine.
We observed that butyrate increased GLP-1 secretion from

intestinal L-cells. GLP-1 secretion has been associated with gut
flora modulation in other studies (49). However, little is known
about the interactions between the gut flora and L-cells and
their ability to secreteGLP-1. Our study uncovered a probiotic-
gut flora-butyrate-GLP-1 pathway that confers protective met-
abolic effects. We also observed elevated transcript levels of
Ffar3 upon butyrate treatment of L-cells and in VSL#3-treated
mouse intestine. A recent study suggests that Ffar3 is a crucial
receptor that senses butyrate levels and participates in GLP-1
biology (46). Our findings allow us to propose a model that
might explain the VSL#3-mediated improvedmetabolic effects
(Fig. 5). Probiotics (like VSL#3) modulate the gut flora compo-
sition (i.e. decreased Firmicutes and increased Bacteriodetes
and bifidobacteria) and lead to improved metabolic efficacy.
The altered gut microbiota stimulates differential production
of SCFAs (like butyrate) that in turn promote GLP-1 secretion
fromL-cells to improvemetabolic health and protect fromobe-
sity and diabetes. The studies proposed here will further justify
the utility of probiotics, especially those that have the ability to
positively influence the gut-SCFA-hormone axis, to prevent
and treat obesity and diabetes. The possibility that dietary sup-
plementation of probiotics can modify the gut flora and result
in changes in the levels of short chain fatty acids that promote a
release of hormones like GLP-1 will further stimulate research
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aimed at understanding the mechanism of action of other ben-
eficial probiotics.
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